Introduction
============

The tyrosine kinase inhibitor (TKI) imatinib mesylate (Gleevec, Novartis Pharmaceuticals Corporation, East Hanover, NJ, USA) has transformed the treatment of patients with chronic myeloid leukemia (CML). Based on positive findings from the International Randomized Study of Interferon Versus STI571 (IRIS) trial,^[@bib1]^ published in 2003, imatinib quickly replaced interferon-α as the standard of care. Imatinib has prolonged survival in newly diagnosed patients with chronic-phase (CP) CML; patients from the IRIS study have been followed now for 8 years.^[@bib2]^ Their survival rate is 85% overall and 93% when only patients with CML-related deaths and those who have not received stem cell transplant are considered. The more potent BCR--ABL1 TKIs, dasatinib (Sprycel, Bristol-Myers Squibb Company, Princeton, NJ, USA) and nilotinib (Tasigna, Novartis Pharmaceuticals Corporation), were approved by the US Food and Drug Administration (FDA) in 2006 and 2007, respectively, as second-line agents in patients with imatinib resistance or intolerance, and in 2010 both agents received FDA approval for treatment of patients with newly diagnosed CML.^[@bib3],\ [@bib4]^

FDA approval for use of nilotinib in newly diagnosed patients with CML-CP was based on data from the Evaluating Nilotinib Efficacy and Safety in Clinical Trials--Newly Diagnosed Patients (ENESTnd) Study comparing nilotinib with imatinib.^[@bib5]^ Positive results comparing dasatinib with imatinib in newly diagnosed patients from the Dasatinib versus Imatinib in Patients With Newly Diagnosed Chronic Phase CML (DASISION) Study also have been reported.^[@bib6]^ Imatinib, dasatinib and nilotinib together represent a formidable treatment approach for patients with CML. As with all medication, the effectiveness of TKIs relies on their proper use, including good adherence, which in turn depends partly on drug tolerability.

The importance of management of adverse events (AEs) in CML is underscored by the association between the occurrence of AEs and reduced treatment adherence.^[@bib7],\ [@bib8]^ High symptom burden, which can be exacerbated by treatment-related AEs, often leads to interruption of treatment or decreased dose or frequency of treatment.^[@bib7],\ [@bib8],\ [@bib9]^ Consequently, lower levels of adherence are associated with suboptimal responses to imatinib,^[@bib7],\ [@bib10],\ [@bib11]^ and several groups have shown the negative impact of reduced adherence on long-term achievement or maintenance of responses, and event-free survival.^[@bib7],\ [@bib12],\ [@bib13]^ Patients with lower rates of adherence had significantly reduced likelihood of achieving major molecular response or complete molecular response at 6 years,^[@bib7]^ higher probability of losing complete cytogenetic response at 2 years, and lower rates of event-free survival at 5 years, compared with more adherent patients. A proactive strategy to alleviate AEs before they become serious or affect adherence is therefore necessary.

For physicians who are incorporating TKIs into their treatment armamentarium, familiarity with the AE profiles associated with TKI therapy allows early identification and management of AEs or intolerance. Some of the AEs have been reported with all of these agents, including cardiac AEs, rash, nausea, fatigue, headache, myelosuppression and elevated liver enzymes. Other AEs are more prevalent with one TKI than another. In addition, the frequency and intensity of AEs differ when TKIs are used in first-line or second-line settings.^[@bib1],\ [@bib5],\ [@bib6],\ [@bib14]^ This review discusses the most common AEs associated with TKI therapy and outlines treatment strategies to help manage patients at risk for or experiencing these events.

Intolerance to TKI therapy
==========================

In general, intolerance to therapy is acknowledged when a patient develops an AE that cannot be managed through dose reduction or treatment of symptoms. Management strategies for such an event might include interruption or discontinuation of therapy, both undesired actions because of unfavorable outcomes associated with them.^[@bib7],\ [@bib10]^ Intolerance to TKI therapy has been defined through clinical study in CML patients, with variations of the definition provided in different clinical trials.

Safety results from the IRIS trial have provided information concerning frequently observed AEs; the majority of patients treated with imatinib reported AEs, usually grades 1 and 2.^[@bib1],\ [@bib15]^ At 5 years of follow-up, the most commonly reported AEs experienced since initiation of treatment were edema (60%), nausea (50%), muscle cramps (49%), musculoskeletal pain (47%), diarrhea (45%), rash or other skin problems (40%), fatigue (39%), abdominal pain (37%), headache (37%) and joint pain (31%); the frequencies of these AEs were slightly higher than those reported at the 19-month follow-up.^[@bib15]^ Grades 3 or 4 AEs included neutropenia (17%), thrombocytopenia (9%), anemia (4%), elevated liver enzymes (5%) and other drug-related AEs (17% not otherwise described).^[@bib15]^ Although worsening or newly appearing grades 3 and 4 AEs were minimal after 2 and 4 years of treatment with imatinib,^[@bib15]^ 4% of patients discontinued therapy because of an AE by the 5-year follow-up.^[@bib15]^ The AE profile has remained stable and no new events were reported with 8 years of follow-up.^[@bib2]^ These findings helped to describe imatinib intolerance as the recurrence of grade ⩾3 nonhematologic toxicity despite appropriate dose reductions and optimal symptom management.

The prescribing information for imatinib notes that severe congestive heart failure and left ventricular dysfunction have occasionally occurred, mainly in patients with other comorbidities and risk factors, including advanced age and previous medical history of cardiac disease. Congestive heart failure and left ventricular dysfunction were seen in 0.7% of patients in the imatinib arm of the IRIS study.^[@bib16]^ Kerkelä *et al.*^[@bib17]^ investigated the potential cardiotoxicity of imatinib after 10 patients developed severe congestive heart failure while receiving the drug. Myocardial biopsy of two patients with no previous history of coronary artery disease demonstrated membrane abnormalities suggestive of imatinib-induced cardiomyopathy. Furthermore, imatinib had harmful effects on cultured cardiomyocytes and on heart tissue in a mouse model. This effect appeared to be related to c-ABL inhibition, suggesting that cardiac adverse reactions may be common to all TKIs.^[@bib17],\ [@bib18]^

Safety of TKIs in the second-line setting
=========================================

Nilotinib and dasatinib are effective in treating patients intolerant or resistant to imatinib in CML-CP, as well as in accelerated-phase (AP) and blast crisis (BC).^[@bib14],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ The safety profiles of nilotinib and dasatinib are generally favorable, although the number and intensity of AEs tend to increase in the second-line setting or in advanced phases of CML. This tendency is most readily evidenced by the increased percentage of grade 3/4 cytopenias in second-line versus first-line settings.^[@bib1],\ [@bib5],\ [@bib6],\ [@bib14]^

Nilotinib
---------

Nilotinib 400 mg twice daily has been examined in two open-label phase 2 studies in patients with CML-CP^[@bib21]^ or CML-AP^[@bib22]^ and imatinib intolerance or resistance. The most frequent nonhematologic AEs in these studies are shown in [Table 1](#tbl1){ref-type="table"}. In the CML-CP study, the most common grade 3/4 hematologic abnormalities were neutropenia (29%) and thrombocytopenia (29%).^[@bib21]^ In the CML-AP study, the corresponding rates of grade 3/4 neutropenia and thrombocytopenia were 21% and 35%, respectively.^[@bib22]^ Grade 3/4 elevations in aspartate aminotransferase (1%), alanine aminotransferase (2--4%), bilirubin (9%) and lipase (14--18%) occurred infrequently in both studies and were not clinically significant for most patients. Despite elevated lipase, pancreatitis was a rare event, reported in three patients (1%) in the CML-CP study;^[@bib21]^ one patient in the CML-AP study discontinued because of pancreatitis.^[@bib22]^

With respect to cardiac AEs, prolongation of QT interval corrected by Fridericia\'s formula (QTcF)^[@bib24]^ \>500 ms was observed in four (1.2%) patients with CML-CP^[@bib25]^ in a phase 2 study and in no patients with CML-AP.^[@bib21],\ [@bib22]^ Data at 24 months indicated that the safety profile in the longer term was unchanged, and nilotinib retained its favorable risk/benefit ratio.^[@bib25]^ Cases of peripheral arterial occlusive disease occurring during nilotinib treatment have been identified, mostly in the second-line setting. To date, a total of 24 cases of peripheral arterial occlusive disease have been reported.^[@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30]^ Most of the patients who developed peripheral arterial occlusive disease on nilotinib had at least one cardiovascular risk factor at baseline, including history of smoking or nicotine use, arterial hypertension, diabetes or dyslipidemia,^[@bib26],\ [@bib29],\ [@bib30]^ suggesting that nilotinib treatment may aggravate a preexisting condition.

For patients who experience intolerance to first-line imatinib, cross-intolerance to a second-line TKI, or the recurrence of an AE on nilotinib that previously led to imatinib intolerance, is minimal. Of the patients enrolled in the two phase 2 nilotinib studies described above, 95 of 321 CML-CP patients and 27 of 137 CML-AP patients were intolerant to imatinib.^[@bib31]^ Imatinib-intolerant patients were defined as having had persistent grade 3/4 nonhematologic AEs despite supportive care; persistent grade 2 nonhematologic AEs, that is, persisting ⩾1 month or recurring ⩾4 times despite imatinib dose reduction and supportive care; or grade 4 hematologic toxicity persisting \>7 days. Cross-intolerance with nilotinib treatment occurred in 4 of 75 CML-CP and -AP patients who were intolerant to imatinib because of nonhematologic AEs, and in 23 of 40 patients who were intolerant to imatinib because of hematologic AEs.^[@bib31]^ Importantly, discontinuation of nilotinib because of an AE was infrequent, occurring in only 7 of 40 (18%) patients, all of whom had recurrent thrombocytopenia.

To further evaluate the safety of nilotinib in a clinical practice setting, Expanding Nilotinib Access in Clinical Trials (ENACT), an ongoing phase 3b, open-label, multicenter study in imatinib-resistant or -intolerant patients, was initiated as a global expanded-access program. ENACT includes patients with CML in CP, AP or BC. Recently reported results suggest the safety profile is similar to that observed in the phase 2 studies described above.^[@bib32],\ [@bib33]^

Dasatinib
---------

Four of the SRC--ABL Tyrosine Kinase Inhibition Activity Research Trials (START) phase 2 studies were single-arm trials in patients treated with second-line dasatinib 70 mg once daily; one study (START-R) was a randomized comparative trial of dasatinib 70 mg once daily or high-dose imatinib 400 mg once daily in patients previously resistant or intolerant to imatinib 400 to 600 mg once daily.^[@bib14],\ [@bib19],\ [@bib20],\ [@bib34],\ [@bib35]^ AE rates at 8 months in the four single-arm studies are provided in [Table 2](#tbl2){ref-type="table"}. Dasatinib was generally well tolerated in all four studies; overall, toxicities were manageable through dose reduction or interruption and resumption at a lower dose.^[@bib19],\ [@bib20],\ [@bib35]^

The occurrence of pleural effusion and pulmonary arterial hypertension (PAH) is unique to treatment with dasatinib. One group evaluated the occurrence of pleural effusion in patients treated with dasatinib after imatinib failure and found this AE had developed in 35% of patients.^[@bib36]^ The occurrence of pleural effusion in patients receiving TKI therapy for CML is associated with significantly higher health-care resource utilization and represents a substantial financial burden for patients experiencing this AE.^[@bib37]^ Furthermore, \>60 cases of PAH have been identified^[@bib38],\ [@bib39],\ [@bib40],\ [@bib41],\ [@bib42],\ [@bib43]^ and 18 cases suspected^[@bib36]^ in patients treated with dasatinib after prior imatinib therapy. In nearly all cases of PAH, patients were diagnosed with pleural effusion before the development of PAH, suggesting a common mechanism behind these disorders.

Cross-intolerance to dasatinib was evaluated in imatinib-intolerant patients in the START study in patients with CML-CP (START-C).^[@bib44]^ Imatinib-intolerant patients were defined as those experiencing grade ⩾3 nonhematologic toxicity or grade 4 hematologic toxicity persisting for \>7 days and related to imatinib at any dose. In START-C, 3% of imatinib-intolerant patients developed similar toxicity with dasatinib.^[@bib44]^ A retrospective pooled analysis of two multicenter studies investigated cross-intolerance in imatinib-intolerant patients (*N*=271), where intolerance was defined the same as in START-C. The analysis demonstrated that although 4% of imatinib-intolerant patients developed similar nonhematologic toxicity with dasatinib, only 1% discontinued treatment; dose reduction was sufficient for management of most AEs.^[@bib45]^

Safety of nilotinib and dasatinib in the front-line setting
===========================================================

The ENESTnd and DASISION studies demonstrated that nilotinib and dasatinib are more effective than imatinib for attaining complete cytogenetic responses and major molecular responses in newly diagnosed patients with CML-CP.^[@bib5],\ [@bib6],\ [@bib46],\ [@bib47],\ [@bib48]^ Safety data from these studies, including the incidence of AEs leading to discontinuation, improve our understanding of front-line TKI safety and tolerability. The overall safety profiles of nilotinib and dasatinib as front-line agents were favorable. Indeed, nilotinib and dasatinib each appeared to be well tolerated compared with imatinib, albeit in different ways based on their distinct AE profiles. Notably, certain AEs, such as hematologic AEs, were less frequent or less severe in the front-line versus the second-line setting.

Nilotinib
---------

ENESTnd is an ongoing phase 3, randomized, open-label, multicenter study comparing nilotinib 300 mg twice daily (*n*=282) or 400 mg twice daily (*n*=281) with imatinib 400 mg once daily (*n*=283).^[@bib5],\ [@bib46]^ AE-related discontinuations at 12 months and 24 months were seen in 7% and 9% of patients receiving nilotinib 300 mg twice daily, 11% and 13% receiving nilotinib 400 mg twice daily and 9% and 11% receiving imatinib, respectively.^[@bib46]^

The most common all-grade and grade 3/4 AEs and hematologic abnormalities are shown in [Table 3](#tbl3){ref-type="table"}. Most of the common AEs were mild or moderate in severity. The rates of nausea, diarrhea, vomiting, muscle spasm and edema were higher with imatinib than with either dose of nilotinib. Conversely, rates of rash, headache, pruritus and alopecia were higher with nilotinib at either dose than with imatinib.^[@bib5]^ The rates of all-grade neutropenia, thrombocytopenia and anemia were higher with imatinib than with either dose of nilotinib. All grade 3/4 cytopenias occurred within the first 2 months. Notably, there were fewer events of grade 3/4 neutropenia in the nilotinib-treated patients than in the imatinib-treated patients; the rates of grade 3/4 thrombocytopenia and anemia were similar in both nilotinib- and imatinib-treated patients.^[@bib5]^ Recent publication of 24-month data and presentation of 3-year follow-up data indicated no change in the AE profile.^[@bib46],\ [@bib49]^

Biochemical abnormalities were comprehensively reported, and most were mild to moderate in severity.^[@bib5]^ Increased levels of total bilirubin, glucose, lipase, alanine aminotransferase and aspartate aminotransferase occurred more often in the nilotinib arm than in the imatinib arm of the study; decreased phosphate and increased creatinine were reported less frequently in nilotinib- versus imatinib-treated patients.^[@bib5]^

QTc prolongation has been a concern with nilotinib and dasatinib.^[@bib3],\ [@bib4]^ Although patients were closely monitored for QT prolongation and changes in left ventricular ejection fraction, no patient in any group had a QTcF interval \>500 ms, or a decrease from baseline in the mean left ventricular ejection fraction. In all three treatment groups combined, a total of 11 patients reported an AE related to ischemic heart disease in the ENESTnd study; one event led to treatment discontinuation.^[@bib5]^ Physicians who prescribe nilotinib in the front-line setting should be aware that, compared with imatinib, the incidences of rash, pruritus (scalp) and headache are higher, and the incidences of gastrointestinal (GI) AEs, myalgia and arthralgia are lower.^[@bib5]^ Nilotinib also requires periodic electrocardiogram monitoring for QTc prolongation and laboratory monitoring for potential biochemical abnormalities. Additional testing by electrocardiogram is recommended at baseline, 7 days after initiation of nilotinib therapy and following any dose adjustments.

Dasatinib
---------

DASISION is an ongoing phase 3, open-label, multinational, randomized study comparing dasatinib 100 mg once daily (*n*=259) with imatinib 400 mg once daily (*n*=260).^[@bib6],\ [@bib48]^ The 12-month AE-related discontinuation rates were 5% with dasatinib 100 mg and 4% with imatinib 400 mg. Discontinuation rates remained low after a minimum of 24 months of follow-up: 7% for dasatinib-treated patients and 5% for imatinib-treated patients.^[@bib48]^

The most common all-grade and grade 3/4 AEs and hematologic abnormalities in the DASISION study are shown in [Table 3](#tbl3){ref-type="table"}. With the exception of headache, most of the common AEs (nausea, vomiting, muscle inflammation, rash, fluid retention (described as superficial edema, pleural effusion and 'other\') and headache) were more frequent with imatinib than with dasatinib. Among the types of fluid retention, pleural effusions (grades 1 and 2) were seen only with dasatinib; three patients discontinued treatment related to grade 2 pleural effusion.^[@bib6]^ GI or other bleeding events occurred in 5% of dasatinib- and 5% of imatinib-treated patients; these were grade 3/4 events in one patient receiving dasatinib and two patients receiving imatinib.^[@bib6]^ Rates of all-grade hematologic abnormalities were higher with dasatinib than with imatinib, and nearly three-fourths of the hematologic AEs occurred within the first 4 months of initiation of the study. Comparable rates of grade 3/4 neutropenia and anemia were seen with imatinib; the rate of grade 3/4 thrombocytopenia was higher with dasatinib.

Grade 3/4 hypophosphatemia occurred in 4% of patients receiving dasatinib and 21% receiving imatinib. Among the discontinuations in the imatinib group, one patient discontinued therapy because of hypophosphatemia and one because of hypocalcemia. One patient in the dasatinib group discontinued treatment because of an elevated serum creatine phosphokinase level.^[@bib6]^

QTc prolongation was also monitored in the study; 2% of patients receiving dasatinib and 4% receiving imatinib had a QTc interval between 450 and 500 ms; one patient in each treatment group had a QTc interval \>500 ms.^[@bib6]^ A similar AE profile was observed with minimum follow-up of 24 months of dasatinib treatment.^[@bib48]^

Results from a phase 2 study (SO325) carried out by four North American cooperative groups that compared dasatinib 100 mg with imatinib 400 mg were recently reported.^[@bib47]^ The discontinuation rate because of toxicity was slightly higher than that observed in the DASISION study for both dasatinib- and imatinib-treated patients, 15% and 11%, respectively, but the overall AE profile was similar to that reported in the DASISION study.

In prescribing dasatinib in newly diagnosed CML patients, physicians should be aware of the greater incidence of pleural effusion compared with imatinib, as well as new information regarding cardiac adverse reactions in the recently revised prescribing information for dasatinib.^[@bib3],\ [@bib6],\ [@bib47]^ Compared with imatinib, dasatinib has lower rates of myalgia and GI AEs.

Agents in development for CML treatment
---------------------------------------

Several new agents are in development for the treatment of CML, which will provide physicians treating patients who are intolerant to a particular agent more options to consider when a switch in therapy is required. These include the TKIs bosutinib/SKI-60,^[@bib50],\ [@bib51]^ ponatinib/AP24534,^[@bib52],\ [@bib53]^ DCC-2036^[@bib54],\ [@bib55]^ and INNO-406;^[@bib56]^ the Aurora kinase inhibitor danusertib/PHA-739358;^[@bib57]^ and the plant alkaloid omacetaxine/homoharringtonine.^[@bib58]^ AEs observed in phase 1, 2 and 3 studies with many of these agents in development have been published or reported in abstract form and are summarized in [Table 4](#tbl4){ref-type="table"}.

Bosutinib has been tested as a second-line treatment in CML patients in CP^[@bib50]^ and AP/BC,^[@bib59]^ and for front-line treatment of patients with newly diagnosed CML-CP.^[@bib60]^ The most common AEs in all studies were GI: a phase 1/2 study of patients with CML-AP/BC or acute lymphoblastic leukemia with imatinib resistance or intolerance reported diarrhea in 74%, vomiting in 43% and nausea in 48% of patients.^[@bib61]^ In the phase 3 front-line treatment study, GI events of diarrhea (69%), vomiting (32%) and abdominal pain (13%) were also notable.^[@bib60],\ [@bib62]^ In all studies, GI AEs were typically grades 1--2, manageable and transient, diminishing in frequency and severity after the first 3 to 4 weeks of treatment.^[@bib50],\ [@bib60],\ [@bib62]^

Bosutinib was also associated with elevated liver function tests. Grade 3/4 alanine aminotransferase/aspartate aminotransferase elevations were observed in 10 to 15% of patients with CML-CP and 7% of patients with CML-AP/BC or acute lymphoblastic leukemia.^[@bib50],\ [@bib51],\ [@bib61]^ Rates of grade 3/4 hematologic laboratory abnormalities in CML-CP were: thrombocytopenia, 24% neutropenia, 18% and anemia, 13% when bosutinib was administered as second-line treatment,^[@bib50]^ and thrombocytopenia, 14% neutropenia, 11% and anemia, 8% when given as first-line treatment.^[@bib60]^ Corresponding rates of grade 3/4 hematologic abnormalities of any causality in patients with CML-AP/BC or acute lymphoblastic leukemia were higher than in patients with CML-CP and included thrombocytopenia, 60% neutropenia, 39% and anemia, 34%.^[@bib61]^

Results from a phase 1 dose-finding study of ponatinib in patients with refractory hematologic malignancies were recently presented.^[@bib63]^ Dose-limiting toxicities were identified as an elevation of pancreatic enzymes and pancreatitis in 4 of 14 patients treated at a 60 mg dose, and grade 3 rash in 1 of 22 patients treated at a 45 mg dose. All dose-limiting toxicities were reversible. A preliminary report of a phase 2 study of second-line ponatinib in 397 patients with CML or Ph+ acute lymphoblastic leukemia showed that pancreatitis (*n*=15, 3.8%) was the most frequent serious AE. Other serious AEs included diarrhea, anemia, febrile neutropenia and pyrexia.^[@bib64]^

Management of ADVERSE EVENTS
============================

With the occurrence of an AE, the physician is faced with three options: discontinuation of therapy, management of the AE or switching therapy to an alternative TKI. As mentioned previously, discontinuation of therapy is the least favorable option because of poor outcomes associated with therapy interruption or termination. Switching therapy to another TKI may be an appropriate strategy for some patients and bears consideration. Minimal cross-intolerance observed with dasatinib and nilotinib offers imatinib-intolerant patients viable therapeutic options. Although imatinib intolerance in clinical studies has been defined rigorously, clinicians should be aware that persistent grades 1 and 2 toxicities are important when considering a patient\'s tolerance to therapy. Patient self-discontinuation of treatment or decreased adherence to medication may occur because of less severe but continual AEs. For many patients, management of AEs is sufficient for continuation of their current therapy. Updated guidelines from the National Comprehensive Cancer Network (NCCN) provide recommendations for the management of toxicity associated with imatinib, nilotinib and dasatinib^[@bib65]^ and are summarized in this review.

Common nonhematologic AEs
-------------------------

GI symptoms (nausea, vomiting and diarrhea) are frequently associated with TKIs, but they are usually mild or moderate. Nausea associated with imatinib or dasatinib can be mitigated by taking the medications with a meal and a large glass of water. Symptomatic treatment is recommended for nausea associated with nilotinib because it is taken under fasting conditions,^[@bib65]^ and for other GI AEs associated with TKIs, such as diarrhea. Patients should be informed that grapefruit and grapefruit juice must be avoided with TKI therapy, because these substances inhibit hepatic cytochrome p450 enzymes that metabolize TKIs, thereby increasing drug levels unpredictably.^[@bib66]^

Fluid retention is a common AE, especially with imatinib and dasatinib. With imatinib, fluid retention often involves the eyelid, periorbital region or lower legs.^[@bib66]^ Patients with peripheral edema or generalized fluid retention should be weighed and monitored closely.^[@bib65],\ [@bib66]^ With imatinib, edema and fluid retention are often mild; management includes diuretics and salt restriction. If these AEs are severe, dose reduction, interruption or discontinuation is recommended.^[@bib65]^

Pleural effusions can be serious, and early identification is critical to their successful management. Patients should be advised that chest pain, dyspnea and dry cough must be reported promptly.^[@bib67]^ If pleural effusion is confirmed by X-ray, treatment interruption is suggested until the effusion resolves; a short course of steroids also can be considered.^[@bib3]^ Therapy with dasatinib should be reinstituted at a lower dose.^[@bib65],\ [@bib67]^ Patients with autoimmune disease, hypertension, cardiovascular disease, capillary leak syndrome or who are in myeloid BC may be more vulnerable to pleural effusions. More intensive monitoring of these patients should be considered.^[@bib66]^ With respect to PAH, the FDA issued a drug safety communication in October 2011 recommending that patients be evaluated for underlying cardiopulmonary conditions before and during dasatinib therapy. Patients who present with symptoms of PAH, such as dyspnea, fatigue and edema, should be evaluated for PAH, and dasatinib should be permanently discontinued in patients confirmed to have PAH.^[@bib68]^

Rash, pruritus and headache are predominantly seen with nilotinib. As with most cases of rash related to TKI therapy, they tend to be mild or moderate and typically appear early in the treatment course.^[@bib66]^ Topical or systemic steroid treatment is recommended; if the rash is severe, dose reduction, interruption or discontinuation is required.^[@bib65]^ Supportive care is recommended to patients with headache, but it is seldom severe and is typically self-limiting.^[@bib65]^ Musculoskeletal complaints, including muscle cramps and pain, are seen with all three approved BCR--ABL1 TKIs and can often be treated with calcium supplements and tonic water. Hyperglycemia has been observed with nilotinib use, and cases are usually mild, transient and manageable. Although evidence suggests that the presence of preexisting diabetes does not predispose patients to hyperglycemia during nilotinib treatment,^[@bib69]^ patients who are at risk of defects in glucose metabolism should be monitored closely.

Hepatic toxicity
----------------

AEs associated with hepatic toxicity are identified by liver function testing, and patients receiving TKI therapy should be queried regarding their use of other hepatotoxic agents. In patients receiving imatinib who experience a grade 2 AE, treatment should be interrupted until the AE returns to grade ⩽1, and the dose reduced on resumption of therapy. If the AE is grade 3/4, however, a change to another TKI or enrollment in a clinical trial should be considered. With nilotinib, grade ⩾3 AEs of elevated lipase, amylase, bilirubin (indirect bilirubin) or hepatic transaminase should be managed with dose interruption until levels return to grade ⩽1.^[@bib65]^ No specific management recommendations regarding hepatic toxicity are made for dasatinib, but the general recommendation for any grade 2/3 nonhematologic AE not responsive to symptomatic measures is to treat it as grade 4 and interrupt treatment until the grade is 1 or lower. Treatment should be reinstated at a lower dose depending on the severity of the initial event.^[@bib65]^

Hematologic AEs
---------------

Cytopenias are the most frequent all-grade and grade 3/4 AEs for TKIs, and are the primary cause of dose reductions or treatment interruptions.^[@bib66]^ The frequency of grade 3/4 AEs because of myelosuppression increases with the severity of the disease,^[@bib66]^ although patients in AP or BC may have cytopenias related to disease.^[@bib65]^ Grade 3/4 hematologic AEs are typically managed with dose interruptions followed by resumption of treatment at a reduced dose. For neutropenia and thrombocytopenia, myeloid growth factors can be used in combination with TKIs to offset myelosuppression.^[@bib65],\ [@bib66]^ For grade 3/4 anemia, erythropoiesis-stimulating agents, although effective, are not recommended by the Centers for Medicaid and Medicare Services or the FDA,^[@bib65]^ based on evidence of increased risk of AEs in patients with CML taking erythropoiesis-stimulating agents.^[@bib70]^

Potential effects on pregnancy and fertility
--------------------------------------------

Women of childbearing potential should be advised to avoid becoming pregnant while receiving TKI therapy.^[@bib3],\ [@bib4],\ [@bib16]^ Furthermore, TKIs must be immediately discontinued if a patient becomes pregnant on therapy. These agents are in pregnancy category D, indicating that they are associated with positive evidence of human fetal risk.

Animal studies suggest that TKI treatment can affect male and female reproductive systems. At levels of exposure in laboratory animals lower than that expected with standard dosing in humans, there were signs of deformation of the male and female reproductive organs with dasatinib and imatinib, but not nilotinib.^[@bib4],\ [@bib16]^ At present, however, the effect of BCR--ABL1 TKI therapy on human male and female fertility is not known.

Cardiotoxic effects
-------------------

Nilotinib and dasatinib should be avoided or used with caution in patients with hypokalemia, hypomagnesemia or long QT syndrome. Hypokalemia or hypomagnesemia must be corrected before administration, and drugs known to prolong the QT interval should be avoided.^[@bib3],\ [@bib4]^ Specific to nilotinib, its use in combination with strong CYP3A4 inhibitors should be avoided, and it should be used with caution in patients with hepatic impairment. Electrocardiograms should be administered at baseline, 7 days after initiation, and periodically thereafter, as well as following any dose adjustments.^[@bib4]^

Further research clearly is needed to better understand the mechanisms responsible for the cardiotoxic effects observed with TKIs. Such effects may be more evident in vulnerable populations; as seen with nilotinib, the incidence and severity of QTc prolongation appear to differ depending on the settings in which these agents are used, with fewer events in newly diagnosed patients than in previously treated patients. It should be noted that in the front-line setting, no significant cardiac toxicity, either congestive heart failure or QTc prolongation, was seen in the ENESTnd or the DASISION studies in either the study or standard arms.

Conclusions
===========

Significant advances in the development of new CML therapies over the past decade have dramatically improved the outcomes for CML patients. The relationship of AEs to poor treatment adherence and of low adherence to suboptimal response supports the need for careful management of AEs. Although unmanageable AEs indicate intolerance to therapy, many AEs observed with front-line and second-line TKI treatment can be managed with supportive care. Proactive vigilance for potential AEs and treatment strategies to reduce symptom burden will help to minimize patient intolerance. To this end, development of newer agents will increase the armamentarium available to patients with difficult-to-manage symptoms or AEs.

Alertness to patients who may be experiencing intolerable AEs, even low-grade AEs, is imperative. At each clinic visit, practitioners should query patients about the presence of AEs, particularly persistent AEs, low-grade AEs and AEs that may cause patients to skip doses or decrease their dose. Patients may independently alter treatment in an attempt to mitigate the impact of AEs.^[@bib8]^ Proactive assessment of AEs minimizes the chance of unreported AEs, which in turn may prevent poor adherence, and provides an opportunity to institute an early intervention strategy to manage the AE.

With the two recent phase 3 clinical trials findings indicating that nilotinib and dasatinib had superior efficacy compared with imatinib, clinical experience with these TKIs in different settings is likely to increase. Indeed, the updated guidelines from the NCCN do not distinguish between imatinib, nilotinib or dasatinib in the choice of primary treatment in newly diagnosed patients with CML-CP.^[@bib65]^ Comfort with identifying and managing AEs allows physicians to more optimally manage their patients with CML. Fortunately, most AEs in the front-line setting can be readily managed, especially when they are addressed promptly.

Financial support for medical editorial assistance was provided by Novartis Pharmaceuticals. I thank Mariana Ovnic and Anna Lau of Percolation Communications LLC for their medical editorial assistance.

Dr DeAngelo has served as a consultant for Novartis Pharmaceuticals, Bristol-Myers Squibb and Ariad Pharmaceuticals.

###### Percentage of common nonhematologic AEs (all grades and grade 3/4) with nilotinib in patients intolerant/resistant to imatinib^[@bib21],\ [@bib22]^

                          *Chronic-phase CML*[a](#t1-fn2){ref-type="fn"} *(*n*=280)*   *Accelerated-phase CML*[b](#t1-fn3){ref-type="fn"} *(*n*=119)*                                            
  ---------------------- ------------------------------------------------------------ ---------------------------------------------------------------- ----------------------------------------- -------------
                                   *All grades*[c](#t1-fn4){ref-type="fn"}                                      *Grade 3/4*                             *All grades*[c](#t1-fn4){ref-type="fn"}  *Grade 3/4*
  Abdominal pain                                      NR                                                             NR                                                    7                     1
  Alopecia                                            NR                                                             NR                                                    8                     0
  Anorexia                                            NR                                                             NR                                                    6                     0
  Arthralgia                                          NR                                                             NR                                                    5                     0
  Constipation                                        12                                                             0                                                    11                     0
  Diarrhea                                            11                                                             2                                                     9                     1
  Extremity pain                                      5                                                             \<1                                                    5                     0
  Fatigue                                             19                                                             2                                                    10                     1
  Headache                                            19                                                             2                                                    10                     1
  Muscle spasms                                       NR                                                             NR                                                    9                     0
  Myalgia                                             8                                                              1                                                     9                     1
  Nausea                                              24                                                             1                                                    10                     1
  Peripheral edema                                    NR                                                             NR                                                    5                     0
  Pruritus                                            24                                                             1                                                    20                     0
  Pyrexia                                             NR                                                             NR                                                    8                     1
  Rash                                                28                                                             3                                                    22                     0
  Upper abdominal pain                                NR                                                             NR                                                    5                     0
  Vomiting                                            11                                                            \<1                                                   NR                     NR

Abbreviations: AE, adverse event; CML, chronic myeloid leukemia; NR, not reported.

Median duration of treatment 245 days.

Median duration of treatment 202 days.

All-grade AEs reported when frequency was \>5% for any AE.

###### Percentage of common nonhematologic AEs (all grades and grade 3/4) and hematologic abnormalities (grade 3/4) at 8 months with dasatinib in patients intolerant/resistant to imatinib^[@bib19],\ [@bib20],\ [@bib35]^

                                 *Chronic-phase CML*^[@bib20]^ *(*n*=186)*   *Accelerated-phase CML*^[@bib19]^*(*n*=107)*   *Myeloid blast crisis*^[@bib35]^*(*n*=74)*   *Lymphoid blast crisis*^[@bib35]^ *(*n*=42)*                                                                                                     
  ------------------------------ ------------------------------------------- ---------------------------------------------- -------------------------------------------- ---------------------------------------------- ----------------------------------------- ------------- ----------------------------------------- -------------
                                 *All grades*[a](#t2-fn2){ref-type="fn"}     *Grade 3/4*                                    *All grades*[a](#t2-fn2){ref-type="fn"}      *Grade 3/4*                                    *All grades*[a](#t2-fn2){ref-type="fn"}   *Grade 3/4*   *All grades*[a](#t2-fn2){ref-type="fn"}   *Grade 3/4*
  *Nonhematologic*                                                                                                                                                                                                                                                                                                        
   Abdominal pain                NR                                          NR                                             11                                           0                                              NR                                        NR            NR                                        NR
   Anorexia                      NR                                          NR                                             13                                           1                                              11                                        1             5                                         5
   Arthralgia                    NR                                          NR                                             10                                           0                                              11                                        3             5                                         0
   Asthenia                      20                                          2                                              19                                           4                                              15                                        3             10                                        2
   Diarrhea                      30                                          2                                              50                                           6                                              36                                        8             31                                        0
   Dizziness                     NR                                          NR                                             11                                           0                                              NR                                        NR            NR                                        NR
   Dyspnea                       27                                          3                                              16                                           4                                              18                                        7             12                                        0
   Epistaxis                     NR                                          NR                                             11                                           0                                              12                                        1             2                                         0
   Fatigue                       28                                          1                                              23                                           4                                              12                                        1             29                                        5
   Febrile neutropenia           NR                                          NR                                             NR                                           NR                                             4                                         4             14                                        12
   Gastrointestinal hemorrhage   NR                                          NR                                             11                                           7                                              12                                        8             0                                         0
   Headache                      34                                          1                                              28                                           1                                              8                                         0             14                                        2
   Myalgia                       NR                                          NR                                             10                                           1                                              NR                                        NR            NR                                        NR
   Nausea                        19                                          1                                              22                                           0                                              16                                        4             24                                        0
   Pain in extremity             NR                                          NR                                             14                                           0                                              NR                                        NR            NR                                        NR
   Peripheral edema              18                                          0                                              22                                           0                                              19                                        0             12                                        0
   Pleural effusion              19                                          3                                              23                                           3                                              28                                        14            14                                        2
   Pyrexia                       NR                                          NR                                             23                                           4                                              16                                        5             19                                        2
   Rash                          22                                          \<1                                            15                                           1                                              12                                        0             17                                        5
   Vomiting                      NR                                          NR                                             11                                           0                                              16                                        1             10                                        2
                                                                                                                                                                                                                                                                                                                           
  *Hematologic*                                                                                                                                                                                                                                                                                                            
   Leukocytopenia                NR                                          25                                             NR                                           61                                             NR                                        64            NR                                        69
   Neutropenia                   NR                                          49                                             NR                                           82                                             NR                                        82            NR                                        79
   Thrombocytopenia              NR                                          47                                             NR                                           76                                             NR                                        84            NR                                        88
   Anemia                        NR                                          22                                             NR                                           69                                             NR                                        68            NR                                        52

Abbreviations: AE, adverse event; CML, chronic myeloid leukemia; NR, not reported.

All-grade AEs reported when frequency was \>10% for any AE.

###### Percentage of common nonhematologic AEs and hematologic abnormalities (all grades and grade 3/4) reported in the ENESTnd and DASISION studies at 12 months^5,6^

                                *ENESTnd*              *DASISION*                                                                                                                                    
  ----------------------- ---------------------- ---------------------- --------------------- ---------------------- --------------------- ------------- -------------- ------------- -------------- -------------
                           *Nilotinib 300* *mg*   *Nilotinib 400* *mg*   *Imatinib 400* *mg*   *Dasatinib 100* *mg*   *Imatinib 400* *mg*                                                            
                               *All grades*           *Grade 3/4*           *All grades*           *Grade 3/4*           *All grades*       *Grade 3/4*   *All grades*   *Grade 3/4*   *All grades*   *Grade 3/4*
                             *Nonhematologic*       *Nonhematologic*                                                                                                                                 
  Alopecia                          8                      0                     13                     0                      4                 0             NR            NR             NR            NR
  Diarrhea                          8                      1                      6                     0                     21                 1             17            \<1            17             1
  Eyelid edema                      1                      0                      2                    \<1                    13                \<1            NR            NR             NR            NR
  Fatigue                           11                     0                      9                     1                      8                \<1            8             \<1            10             0
  Headache                          14                     1                     21                     1                      8                 0             12             0             10             0
  Muscle inflammation               NR                     NR                    NR                     NR                    NR                NR             4              0             17            \<1
  Muscle spasm                      7                      0                      6                     1                     24                 1             NR            NR             NR            NR
  Musculoskeletal pain              NR                     NR                    NR                     NR                    NR                NR             11             0             14            \<1
  Myalgia                           10                    \<1                    10                     0                     10                 0             6              0             12             0
  Nausea                            11                    \<1                    19                     1                     31                 0             8              0             20             0
  Other fluid retention             NR                     NR                    NR                     NR                    NR                NR             5              1             8             \<1
  Periorbital edema                \<1                     0                      1                     0                     12                 0             NR            NR             NR            NR
  Peripheral edema                  5                      0                      5                     0                     14                 0             NR            NR             NR            NR
  Pleural effusion                  NR                     NR                    NR                     NR                    NR                NR             10             0             0              0
  Pruritus                          15                    \<1                    13                    \<1                     5                 0             NR            NR             NR            NR
  Rash                              31                    \<1                    36                     3                     11                 1             11             0             17             1
  Superficial edema                 NR                     NR                    NR                     NR                    NR                NR             9              0             36            \<1
  Vomiting                          5                      0                      9                     1                     14                 0             5              0             10             0
                               Hematologic            Hematologic                                                                                                                                    
  Neutropenia                       43                     12                    38                     10                    68                20             65            21             58            20
  Thrombocytopenia                  48                     10                    49                     12                    56                 9             70            19             62            10
  Anemia                            38                     3                     38                     3                     47                 5             90            10             84             7

Abbreviations: AE, adverse event; CML, chronic myeloid leukemia; NR, not reported.

###### Summary of adverse events reported for anti-CML agents in development

  *Bosutinib*                                                                  
  ---------------------------------------------------------------------------- -----------------------------------
  Grade 1/2 nonhematologic toxicity                                            Grade 1/2 nonhematologic toxicity
   Diarrhea                                                                     Diarrhea
   Nausea                                                                       Nausea
   Vomiting                                                                     Vomiting
   Abdominal pain                                                               Pleural effusion
   Rash                                                                         Fluid retention
   Asthenia                                                                     
   Increased ALT/AST                                                            
  Grade 3/4 nonhematologic toxicity                                            Grade 3/4 nonhematologic toxicity
   Diarrhea                                                                     Diarrhea
   Rash                                                                         Vomiting
   Increased ALT                                                                Pneumonia
   Pleural effusion                                                             Increased ALT
   Pericardial effusion                                                         Pleural effusion
                                                                                Fluid retention
  Grade 3/4 hematologic toxicity                                               Grade 3/4 hematologic toxicity
   Thrombocytopenia                                                             Thrombocytopenia
   Neutropenia                                                                  Neutropenia
   Anemia                                                                       Anemia
  *DCC-2036* ^(ref.[@bib55])^                                                   
  Peripheral neuropathy[a](#t4-fn2){ref-type="fn"}                              
  Lower extremity weakness[a](#t4-fn2){ref-type="fn"}                           
  Slurred speech                                                                
  Eruptive nevi                                                                 
  Dry mouth                                                                     
  Constipation                                                                  
  Diarrhea                                                                      
  Paresthesia                                                                   
  Retinal vein occlusion                                                        
  Pancreatitis                                                                  
  *INNO-406*^(refs^ ^[@bib56],\ [@bib77])^                                      
  Liver function abnormalities[b](#t4-fn3){ref-type="fn"}                       
  Thrombocytopenia[b](#t4-fn3){ref-type="fn"}                                   
  Elevated transaminase                                                         
  Intrahepatic cholestasis[b](#t4-fn3){ref-type="fn"}                           
  Renal failure secondary to tumor lysis syndrome[b](#t4-fn3){ref-type="fn"}    
  *Ponatinib (AP24534)*^(refs[@bib52],\ [@bib53])^                              
  Nausea                                                                        
  Fatigue                                                                       
  Vomiting                                                                      
  Headache                                                                      
  Arthralgia                                                                    
  Hot flush                                                                     
  Increased glucose                                                             
  Increased lipase                                                              
  Muscle spasms                                                                 
  Rash                                                                          
  Thrombocytopenia                                                              
  Neutropenia                                                                   
   Dose-limiting toxicity                                                       
  Elevated pancreatic enzymes                                                   
  Pancreatitis                                                                  
  Rash                                                                          
  *Danusertib (PHA-739358)*^(ref.[@bib57])^                                     
  Diarrhea                                                                      
  Pyrexia                                                                       
  Headache                                                                      
  Dyspnea                                                                       
  Nausea                                                                        
  *Omacetaxine (homoharringtonine)*^[@bib58]^                                   
  Fatigue                                                                       
  Nausea                                                                        
  Vomiting                                                                      
  Dizziness                                                                     
  Weight loss                                                                   
  Thrombocytopenia                                                              
  Anemia                                                                        
  Neutropenia                                                                   

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CML, chronic myeloid leukemia.

Reported as dose-limiting toxicities at a dose of 200 mg twice daily with tablets.

Reported as dose-limiting toxicities at a dose of 480 mg twice daily.
